It is now accepted that breast cancer is not a single disease, but instead it is composed of a spectrum of tumor subtypes with distinct cellular origins, somatic changes, and etiologies. Gene expression profiling using DNA microarrays has contributed significantly to our understanding of the molecular heterogeneity of breast tumor formation, progression, and recurrence. For example, at least two clinical diagnostic assays exist (i.e., OncotypeDX RS and Mammaprint w ) that are able to predict outcome in patients using patterns of gene expression and predetermined mathematical algorithms. In addition, a new molecular taxonomy based upon the inherent, or "intrinsic," biology of breast tumors has been developed; this taxonomy is called the "intrinsic subtypes of breast cancer," which now identifies five distinct tumor types and a normal breast-like group. Importantly, the intrinsic subtypes of breast cancer predict patient relapse, overall survival, and response to endocrine and chemotherapy regimens. Thus, most of the clinical behavior of a breast tumor is already written in its subtype profile. Here, we describe the discovery and basic biology of the intrinsic subtypes of breast cancer, and detail how this interacts with underlying genetic alternations, response to therapy, and the metastatic process.
have been consistently identified in independent data sets using different methods and multiple microarray platforms (Sorlie et al. 2001 (Sorlie et al. , 2003 Sotiriou et al. 2003; Abd El-Rehim et al. 2004; Carey et al. 2006; Hu et al. 2006; Parker et al. 2009 ). These subtypes are also conserved across ethnic groups (Yu et al. 2004) , and are present even at the ductal carcinoma in situ (DCIS) stage (Livasy et al. 2007; Allred et al. 2008) . Importantly, the intrinsic subtypes segregated tumors by expression of hormone receptors (both estrogen receptor [ER] and progesterone receptor [PR] ) and the genes they regulate, supporting earlier epidemiologic and biomarker studies, suggesting that ER-positive and ER-negative breast cancers are distinct. At least two hormone-receptor-positive subtypes were identified that were called "luminal A" and "luminal B." Conversely, there were several subtypes characterized by low expression of hormone receptors and their regulated genes, one of which was called the "HER2-enriched" subtype and another called the "basal-like" subtype ( Fig. 1) . The fifth subtype, the normal breast-like group, is a less clear subtype; it is acknowledged that the normal breast-like group is a heterogeneous group including those with a high stromal content, those with high lymphocyte infiltration, and those with true normal epithelial cell contamination of a low malignant cell content tumor. In Figure 1 , the normal breast-like group is composed of many true normal breast samples from reduction mammoplasties and some tumors, which upon hematoxylin and eosin (H&E) examination show ,50% tumor tissue. In this figure, the normal breast-like group is likely clustering with the luminal A subtype due to their common low proliferation rates and moderate expression of luminal epithelial genes. Alternatively, a normal breast-like cell line may exist including the PMC42 line, which has stem-cell-like properties (Git et al. 2008) . Ongoing studies have recently identified a new and intriguing subtype called the "claudin-low" group (Herschkowitz et al. 2007 ), but for the time being, these four tumor subtypes and the normal breast-like group are the ones consistently identified and commonly accepted. Although the intrinsic subtypes were identified regardless of outcome (i.e., no knowledge of patient outcomes was used to select the intrinsic gene set), these subtypes have strong prognostic implications (Fig. 1F) ; in particular, patients with basal-like, HER2-enriched, and luminal B tumors show significantly poorer outcomes when compared to patients with luminal A tumors (Sorlie et al. 2001 (Sorlie et al. , 2003 Sotiriou et al. 2003; Yu et al. 2004; Carey et al. 2006; Hu et al. 2006; Langerod et al. 2007; Parker et al. 2009) .
A critical aspect of biomarker biology is validation, and the intrinsic subtypes have been validated on many independent data sets (Sorlie et al. 2003; Hu et al. 2006; Langerod et al. 2007; Naume et al. 2007; Parker et al. 2009 ). For example, Sorlie et al. (2003) showed that when using this classification method on multiple data sets, the subtypes were represented with similar distributions, despite differences in the populations (i.e., the original gene expression study was based upon high-risk and locally-advanced tumors treated with chemotherapy, whereas the NKI 295-patient data set included women under 55 with lymph-node-negative tumors that did not receive adjuvant systemic therapy (van 't Veer et al. 2002; van de Vijver et al. 2002) , and the West et al. data set was a mixture of stages, nodal status, and hormone receptor status (West et al. 2001) . Since the clustering methodology for identifying intrinsic subtypes is suboptimal for reproducible classifications, a promising alternative approach for reproducible subtype classifications has been developed based upon identifying the mean expression profiles, called centroids, for each subtype Parker et al. 2009 ). Hu and colleagues ) developed the Single Sample Predictor (SSP) tool to serve as an unchanging prognostic indicator for individual patient samples; the SSP compares the gene expression profile of an unknown sample to a prototypical profile of each intrinsic subtype and classifies the unknown sample according to the profile/centroid it most closely matches. Recently this approach has been expanded upon to include statistically robust and objective methods for selecting prototypical samples/ tumors, and a robust method for gene selection, Figure 1. 677 breast tumors analyzed using hierarchical clustering and the Intrinsic/UNC 1300 gene list. A single data set of 340 samples from UNC and 337 from the Netherlands Cancer Institute were combined using Distance Weighted Discrimination (Benito et al. 2004) , and then clustered together to yield a large and homogenous data set containing over 470 different tumors with RFS and OS data. The clustering analysis identified the 5 major intrinsic subtypes of luminal A, luminal B, normal-like, basal-like, and HER2-enriched, and also identified the newest subtype in the center called the "claudin-low" group. The gene sets most definitive of each subtype are shown and are (A) HER2-amplicon gene set, (B) basal epithelial gene set, (C) luminal epithelial gene set containing ER, and (D) proliferation gene set. (E) Claudin-low gene set including E-cadherin and claudin 3, 4, and 7. (F) Kaplan-Meier plot for survival based upon disease-specific survival (DOD) for the six groups described here. Scale bar showing the expression levels of each gene relative to the median expression.
which has resulted in the PAM50 intrinsic subtype classifier. This algorithm uses 50 genes to identify the four major intrinsic subtypes (luminal A, luminal B, basal-like, HER2-enriched) and the normal breast-like group, and has the advantage that it can utilize RNA purified from fresh frozen tumors or Formalin-Fixed Paraffin Embedded (FFPE) materials, thus making it compatible with materials coming from a typical pathology archive ).
TUMOR SUBTYPE BIOLOGY AND CLINICAL FEATURES Luminal Subtypes
The most common breast cancers are ER-positive tumors, which, according to gene expression patterns, fall into the luminal subtypes, so-called because they have a gene expression pattern reminiscent of the luminal epithelial component of the breast (Perou et al. 2000) . These tumors are characterized by expression of the ER, PR, and genes associated with ER activation such as LIV1, TFF1/pS2, and Cyclin D1 (Fig. 1C) , as well as expression of luminal cytokeratins 8 and 18 (Perou et al. 2000; Sotiriou et al. 2003; Oh et al. 2006) . Luminal tumors are often low-grade, and fewer than 20% have TP53 mutations (Sorlie et al. 2001; Sotiriou et al. 2003; Langerod et al. 2007; Naume et al. 2007) . Within the broad and diverse luminal/ ERþ group, there are at least two subtypes, luminal A and luminal B, and there are many relevant differences between these two groups, although it is not always easy to distinguish a luminal A from a luminal B, since the expression of the genes defining these groups are a continuum. For example, luminal A tumors generally have high expression of ER and ERregulated genes, low expression of the HER2 cluster (which is variable in luminal B tumors), and low expression of proliferation-associated genes including Ki-67 (Sorlie et al. 2001 (Sorlie et al. , 2003 Hu et al. 2006) . Conversely, luminal B tumors tend to be highly proliferative, tend to be TP53 mutant, and in general show lower expression of ER and ER-regulated genes.
Luminal tumors in general are defined by a quartet of transcription factors (Fig. 1C ) that includes ER, GATA3, FOXA1, and XBP1. Since the initial description of this gene set, a great deal has become known about the role of these new players in breast luminal cell biology. For example, when GATA3 is deleted early in mammary development, ductal growth is greatly inhibited and very few ERþ/luminal cells develop (Kouros-Mehr et al. 2006) ; additionally, if this deletion occurs during lactation using a WAP-Cre promoter, lobular-alveolar development is greatly impaired (Asselin-Labat et al. 2006) , suggesting that GATA3 is a critical determinant of luminal cell formation. Carrol et al. (2005) went on to perform genome-wide chromatin immuno-precipitation (i.e., ChIPchip) experiments using ER and showed that the majority of ER binding sites also had a close binding site for FOXA1, and that FOXA1 was required for the induction of most ER-regulated genes including XBP1. Usary et al. (2004) also showed that GATA3 is occasionally mutated in ERþ/luminal tumors, and that these mutations abolish DNA-binding activity. They also showed, using ectopic expression of GATA3, that FOXA1 is a GATA3-regulated gene. When synthesized together, these data suggest that GATA3 is a critical and early determinant of the luminal lineage that may directly (or indirectly) turn on ER and FOXA1, which in turn act together to induce the expression of ERregulated genes including XBP1 (thus explaining the mechanistic significance of this quartet of transcription factors). Interestingly, ER may also induce GATA3, and GATA3 also induces ER; thus, once this developmental program is turned on, it may be self sustaining (Eeckhoute et al. 2007 ).
In population-based studies, the luminal A subtype is the most common, representing approximately 40% of all breast tumors, while the luminal B subtype comprises approximately 10% (Table 1 ) (see Carey et al. 2006; Millikan et al. 2007; Morris et al. 2007) . Although risk factors for all of the subtypes remain an area of intense research, it is clear that all traditional risk and/or protective factors (like protection of risk from pregnancy) are factors for luminal breast cancers. Importantly, many of the studies focused on the intrinsic subtypes in population-based studies also show that premenopausal women and African-American women tend to develop fewer of the goodprognosis luminal A tumors and more of the poor-prognosis basal-like tumors (described further below), which may contribute to the poorer outcomes associated with this ethnic group Millikan et al. 2007; Yang et al. 2007) .
While a clinical assay to identify luminal A and luminal B by gene expression is not yet available, the OncotypeDX Recurrence Score TM (RS) assay includes many genes (HER2, GRB7, ER, SCUBE2, Bcl2, Ki-67, Survivin, MYBL2, Cyclin B1) that are also used to define luminal A versus luminal B tumors. To more directly compare the OncotypeDX Recurrence Score and the intrinsic subtypes of luminal A and luminal B, Fan and colleagues compared both classifiers on the NKI295 data set and showed that 50% of the luminal A tumors had low RS (i.e., good outcome), whereas only 2% of luminal B tumors had low RS . Moreover, other prognostic genomic predictors were also tested including a signature of activated fibroblasts (Chang et al. 2004 ) and the NKI-developed Mammaprint signature (van 't Veer et al. 2002) . Nonetheless, all of these predictors showed a high degree of concordance when compared to each other, and in prognostication. These findings have a number of important implications, one of which is that despite having almost completely no overlapping genes, these four gene expression profiles showed a high degree of agreement when the actual patient clasifications were compared. Second are the therapeutic implications where a high OncotypeDX RS is associated with a higher risk of relapse despite tamoxifen (Paik et al. 2004) , and a higher benefit of adjuvant chemotherapy (Paik et al. 2006) , suggesting that similar predictions likely also hold true for the distinction of luminal A versus luminal B.
HER2-enriched Subtype
The hormone-receptor-negative tumors are largely comprised of the HER2-enriched, basallike, and claudin-low subtypes. The HER2-enriched subtype is relatively infrequent, comprising only 10% of all breast cancers . Typically, this subtype shows elevated expression of HER2 and many other genes that reside near HER2 in the genome, including GRB7 (Fig. 1A) , because of the known HER2 genomic loci DNA amplification (Slamon et al. 1987 (Slamon et al. , 1989 . We do note, however, that not all tumors of this subtype show HER2 amplification and/or overexpression, and thus, the term HER2-enriched is used to describe this group to Another important feature of tumors in the HER2-enriched subtype is high expression of the proliferation cluster (Fig. 1D ). Befitting this expression pattern, 75% are high-grade tumors, and over 40% have p53 mutations ). In the era before HER2-targeted therapies, the HER2-enriched subtype carried a poor prognosis (Sorlie et al. 2001 (Sorlie et al. , 2003 Hu et al. 2006; Parker et al. 2009 ). However, given the large benefit of anti-HER2-targeted therapies in HER2-positive patients (Mass 2004; Piccart-Gebhart et al. 2005) , it is reasonable to presume that the HER2-enriched subtype has benefited from the HER2-targeting revolution, but formal identification of this relationship is yet to be demonstrated. There are no known specific risk factors for the HER2-enriched subtype, and there is no apparent interaction with race or age Millikan et al. 2007 ). However, the risk factor profile of this subtype most closely mirrors the luminal tumors. These data suggest that although the majority of ER-negative tumors are either of the HER2-enriched or basal-like subtype, the risk factors of HER2-enriched versus basal-like are distinct, again suggesting that these are two different diseases, in terms of etiology, that should merit individual attention for prevention and treatment strategies.
Basal-like Subtype
Perhaps the greatest impact of the intrinsic subtype genomic taxonomy wasthe identification of the basal-like subtype. Before the use of DNA microarrays, ER-positive and HER2-positive tumors were clearly appreciated as distinct disease types, but what was not appreciated was that of the remaining tumors. A significant disease entity existed that showed an obvious and strong common biology. In clinical terms, this group has become known as "triple-negative" tumors (Schneider et al. 2008 ), due to their typical immunohistochemical (IHC) pattern of being negative for ER, PR, and HER2 (which are the three commonly scored for predictive markers in the breast cancer clinic), although this is not a definitive classification since 25% of basallike tumors are not triple-negative. The basallike subtype is characterized by low expression of the luminal genes, low expression of the HER2 gene cluster, high expression of the proliferation cluster, and high expression of a unique cluster of genes called the basal cluster (Fig. 1B) . The basal gene cluster includes basal epithelial cytokeratins (CK) such as CK5, 6, 14, and 17; epidermal growth factor receptor (EGFR); c-Kit; Vimentin; P-Cadherin; Fascin; Caveolins 1 and 2; and aB-crystallin. Note that it was the expression of cytokeratins 5, 6, 14, and 17 that gave rise to the term "basal-like," as these are typically cytokeratins that are expressed within basal epithelial cells of the skin and airways.
Several risk factors for developing basal-like tumors have been identified, with the most interesting being the link between the basal-like subtype and BRCA1 mutation carriers (Olopade and Grushko 2001; Foulkes et al. 2003 Foulkes et al. , 2004 Sorlie et al. 2003) . Specifically, this association is that in women who carry a deleterious mutation in BRCA1 and who develop breast cancer, over 80% of the time their cancer is of the basal-like subtype. However, while BRCA1 mutation carriers usually develop basal-like breast cancer, most basal-like breast cancers are sporadic, and the BRCA1 gene and protein appear intact in these tumors (Richardson et al. 2006) . A commonly held, but not yet formally proven, hypothesis is that the broader BRCA1 pathway is aberrant in sporadic basallike breast cancer, which, if true, has important therapeutic implications. For example, the BRCA1 (and BRCA2) are critical for properhomologous recombination-mediated DNA repair, which is a high-fidelity mechanism. When the homologous recombination pathway is lost or dysfunctional, DNA repair occurs by the more error-prone method that involves poly(ADPribose) polymerase (PARP), which can be inhibited by a novel class of drugs that are being tested in clinical trials. Exciting results have now shown that PARP inhibitors elicit measurable responses in known BRCA1 and 2 mutant breast tumors (Fong et al. 2009 ), and more importantly, also provided improvements in response rates and overall survival in metastatic triple-negative patients (O'Shaughnessy et al. 2009 ). This latter finding does suggest that sporadic basal-like patients have an impaired BRCA1/ 2-pathway, but the precise genetic lesion is not yet known. Other known molecular genetic defects present in basal-like tumors include a high TP53 mutation rate (.50% as determined by sequence analysis) (Sorlie et al. 2001; Carey et al. 2006) , and loss of RB1 function (Gauthier et al. 2007; Herschkowitz et al. 2008 ) that likely results in the high proliferation rates that are manifested by the high expression of the so-called "proliferation signature" (Fig. 1D) , which mostly contain E2F-regulated genes (Whitfield et al. 2006) .
Loss of normal DNA repair is also implicated in sensitivity to chemotherapy, particularly to DNA-damaging agents such as platinum drugs (Kennedy et al. 2004) , although recent studies suggest that basal-like breast cancers may have a general sensitivity to chemotherapy (Rouzier et al. 2005; Carey et al. 2007) . Another notable association is between the basal-like subtype, race, and age (Table 1) . Several independent population-based studies have suggested that the basal-like subtype is overrepresented in young women with breast cancer, in African-American women, and especially in young African-American women Bauer et al. 2007; Millikan et al. 2007; Lund et al. 2008 ). In the Carolina Breast Cancer Study, basal-like breast cancer was the most common among premenopausal AfricanAmerican women (27%), and least common among postmenopausal non African-American women (9%) ). Interestingly, this overrepresentation of basal-like cancers is even more prevalent in Africans (Nigerians) (Huo et al. 2009 ). These findings suggest that there may be genetic predisposition to basallike tumors, which is supported by alleles of MYBL2, showing increased frequency in basallike cases versus controls (Thorner et al. 2009 ). Millikan et al. have also shown that there are life history risk factors for developing basal-like cancers, including multiple pregnancies (which is a protective factor for luminal disease), no lactation, and having a high waist/hip ratio (which is a measure of obesity that was predisposing for all breast cancer subtypes) ).
Claudin-low Subtype
Recently, comparative mouse and human genomic analysis identified a unique subtype in both humans and mice, with the mouse tumors noted to display a "spindloid" morphology (Herschkowitz et al. 2007 ). The conserved claudin-low tumor subtype is characterized by the low expression of genes involved in tight junctions and cell-cell adhesion including claudin 3, 4, 7, Occludin, and E-cadherin (Fig. 1E) , as well as by the high expression of many mesenchymal genes including Vimentin, Snail1, Snail 2, and Twist1. This lack of epithelial cell features and expression of mesenchymal traits is reminiscent of features associated with stem cells, which is precisely what was shown by Lim et al. (2009) ; specifically, Lim et al. purified and expression-profiled normal human mammary stem cells (CD49f þ /EpCAM 2 ) using fluorescence-activated cell sorting (FACS). Interestingly, the authors compared these profiles to the average profile of each intrinsic subtype and determined that it was the claudin-low subtype that was the most similar to the Mammary Stem Cell profile. In this study, Lim et al. also identified a luminal progenitor fraction (CD49f þ /EpCAM þ ) that was not able to form ducts in vivo but that could give rise to luminal colonies in vitro, and it was this fraction that was the most similar to basal-like tumors. Additionally, in tissues from BRCA1 mutation carriers, there were an increased number of these luminal progenitor/basal-like cells, thus suggesting that BRCA1 loss causes an arrest at this stage of development.
Other studies on Tumor Initiating Cells (TIC) isolated from multiple human breast tumors has shown that the claudin-low tumors are also enriched for TIC features including high ALDH1, a high mRNA ratio of CD44þ/ CD242, and a high mRNA ratio of CD29þ/ CD242 (Creighton et al. 2009 ). In addition, it was also shown that metaplastic carcinomas (a rare and aggressive breast tumor subtype) show claudin-low features, with both claudin-low tumors and metaplastic carcinomas exhibiting characteristics of epithelial-to-mesenchymal transition (Hennessy et al. 2009 ). In total, these results suggest that the intrinsic subtypes of breast cancer may reflect arrest of epithelial cells at different stages of mammary epithelial development, with claudin-low tumors representing arrest at the most primitive stem cell state, then followed by basal-like tumors that are arrested at the luminal progenitor state, followed by luminal A/B tumors that show the greatest amount of differentiation (Lim et al. 2009; Prat and Perou 2009 ).
IMPORTANCE OF TUMOR STROMA IN BREAST CANCER
The subtypes discussed above have been identified through gene expression profiling of primary tumors that contain multiple cell types including epithelial cells, fibroblasts, adipocytes, and immune cells, among others. The topic of regulation of tumor growth and progression via the stroma is covered in other articles on this topic; however, we do note here that it is important to highlight that numerous publications have now identified that tumor stromal cells (i.e., cells other than the malignant epithelial cells present within tumors) can contribute to cancer development and progression (reviewed in Joyce and Pollard 2009), and stromal cell profiles alone can predict clinical outcome in breast cancer (Finak et al. 2008) . Importantly, it is also becoming more and more evident that immune cells are key modulators of tumor progression and metastasis (DeNardo et al. 2009 ).
GENOMIC ALTERATIONS ASSOCIATED WITH INTRINSIC SUBTYPES
Genomic instability was shown decades ago to be a hallmark of cancer (Nowell and Hungerford 1960) . Since then, there have been numerous studies using different methods to identify breast cancer subclasses based on the genomic structure ranging from karyotype studies and Array-based Comparative Genomic Hybridization (aCGH) analyses, to large-scale SNP arrays. For example, karyotyping has shown that invasive lobular carcinomas (ILC) have a chromosome 16q loss in more than 60% of cases, correlating with loss of E-cadherin expression, a protein important for cell adhesion and motility (Vos et al. 1997 ). This loss is often combined with 1q gain, and a translocation resulting in a der(1,16) is considered as an early event in mammary carcinogenesis (Tsarouha et al. 1999) . In a study by Nordgard et al. (2008) , deletion of 16q was overrepresented in the good prognosis luminal A subgroup, but at the same time was a predictor of good prognosis also for the nonluminal subgroups.
Both conventional and array-based CGH have been applied on invasive breast carcinoma cohorts. Several groups have found genomic alterations by aCGH that seem to be more frequent in one or more of the intrinsic classes (Bergamaschi et al. 2006; Chin et al. 2006; Fridlyand et al. 2006) . Bergamaschi et al. (2006) showed in an advance stage cohort, that the intrinsic subclasses harbored different genomic alterations. The basal-like tumors had higher numbers of gains and losses than luminal A and the luminal B, and HER2-enriched had more frequent high-level amplifications. Chin and Fridlyand compared their aCGH groups to the expression subtypes and found that luminal A tumors were dominating the 1q/16q group; luminal A and HER2 enriched the "mixed amplifier" group; and basal-like and luminal B tumors comprised the majority of the "complex" group. Another study (Chin et al. 2007 ) identified a group of tumors with low genomic instability, and found these tumors to be enriched for the basal-like subtype. Normal breast-like samples are often too few to be studied, and luminal B can be difficult to identify in some data sets (Langerod et al. 2007 ); thus, their copy number profiles are much less defined.
Four different patterns of alterations were identified by Hicks et al. (2006) . The "Simplex" group had broad segments of duplications and deletions and often associated to luminal A tumors; deletion of 16q, 8p, and 22 as well as gain of 1q, 8q, and 16p was dominating. The "Complex I" had either a "saw tooth" appearance with narrow segments of deletions and duplications affecting more or less all chromosomes, with the basal-like tumors dominating this group of tumors. "Complex II" tumors resembled the "simplex," but had at least one localized region of clustered peaks of amplifications called "firestorms," and were typical for the HER2-enriched group. The fourth pattern was called "flat," defining profiles with no clear gains or losses in terms of copy number.
Several studies have had quite divergent definitions on which genomic alterations characterize distinct subgroups of breast carcinomas, but a common finding is that the 1q and 16q alterations dominate in one type, and multiple alterations on several arms dominate others (Tirkkonen et al. 1998; Teixeira et al. 2002; Rennstam et al. 2003; Korsching et al. 2004; Baudis 2007; Climent et al. 2007; Andre et al. 2009 ). In a recent study of genomic copy number aberrations (Russnes et al. 2010) , two platform-independent algorithms were developed to explore genomic architectural distortion using aCGH data to measure whole arm gains and losses (WAAI) and complex rearrangements (CAAI). By applying CAAI and WAAI to data from 595 breast cancer patients, the tumors could be separated into eight subgroups with different distributions of genomic distortion. Within each subgroup data, from expression analyses, sequencing, and ploidy indicated that progression occurs along separate paths into more complex genotypes. In particular, basal-like tumors were separated into genomic classes with distinct patterns of alterations, emphasizing genomic heterogeneity within this intrinsic subtype.
Genomic Profiles of Clinical Utility
Microarray-based analyses have resulted in an explosion of prognostic and predictive profiles, and for breast cancer alone, there are .100 publications purporting to have prognostic profiles. We apologize to the many authors who developed important signatures that were not discussed here; however, a small number of profiles/signatures have come into relatively common clinical use and thus, are discussed here. Of particular note are the OncotypeDX (Paik et al. 2004 (Paik et al. , 2006 and Mammaprint gene expression tests (van 't Veer et al. 2002; van de Vijver et al. 2002) . These tests were both developed as outcome predictors for breast cancer patients, which are basically predictors of the likelihood to develop metastasis (which is discussed in greater detail below). Specifically for the OncotypeDX assay, this 16-gene assay was developed to predict the likelihood of recurrence for ERþ/node-negative patients receiving tamoxifen (Paik et al. 2004) . Building upon these results, Paik et al. (2004) also showed that this assay can be used to identify a subset of ERþ patients that gain a benefit from chemotherapy (CMF therapy specifically), which was a relatively small subset of patients ( 25% of the total tested). The great utility of such an assay is that typically all of these patients might be treated with chemotherapy; thus, by using this assay, only 25% of patients will receive chemotherapy, as they are the subset that benefit, thus sparing the remaining 75% the toxicity and cost associated with chemotherapy regimens. This assay is now being tested in a prospective trial called TAILORx (www.cancer. gov/clinicaltrials/digestpage/TAILORx).
Mammaprint was developed as a pure prognosis predictor, using time to distant metastasis formation as the supervising parameter in patients receiving no systemic adjuvant therapy (van 't Veer et al. 2002; van de Vijver et al. 2002) . The utility of this assay is to identify those patients in whom the risk of relapse/metastasis formation is so low that they can be spared adjuvant chemotherapy because they would do very well if they received no therapy at all. This predictor is also being tested in a prospective
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Cite this article as Cold Spring Harb Perspect Biol 2011;3:a003293 clinical trial in Europe called MINDACT (www. eortc.be/services/unit/mindact/MINDACT_ websiteii.asp). Interestingly, there was only one gene that overlapped between the OncotypeDX assay and the Mammaprint assay, and so this prompted us to perform a simple analysis where we took a single data set and applied four of the most well-known prognostic profiles, and we asked what level of patient classification concordance existed ). These predictors included the aforementioned OncotypeDx assay, the Mammaprint assay, the intrinsic subtype classification, and a fibroblast-derived wound response signature from Howard Chang and colleagues (Chang et al. 2004 ). The result was that there was a large amount of agreement between these assays, with, for example, the OncotypeDx and Mammaprint assays agreeing in outcome predictions for 80% of the patients. These findings strongly suggest that individual gene identity is not a good means of determining similarity across profiles, and suggests that these apparently different gene sets may be recognizing a common biological background.
The Genomics of Metastasis
Metastases are the main cause of mortality for patients with breast cancer, and diagnosis of disseminated disease correlates with less than a 3% survival rate over 20 years (Greenberg et al. 1996) . Genomic profiling of human tumors and model systems has provided important mechanistic information for metastasis biology. First, there are gene signatures in primary tumors that can be highly predictive of the development of future metastases (van 't Veer et al. 2002; van de Vijver et al. 2002; Ramaswamy et al. 2003; Paik et al. 2004; Wang et al. 2005) . Second, primary tumors and metastases appear genomically very similar to one another, despite being separated in time or space (Fig. 2 ) (Perou et al. 2000; Weigelt et al. 2005; Hu et al. 2009 ). Third, human cell lines can be selected that have specific end-organ tropisms with distinct expression profiles in brain, bone, and lung, and specific sets of genes mediate these aggressive behaviors (Kang et al. 2003; Minn et al. 2005; Bos et al. 2009 ). Above, we discuss many of the "metastasis predictors," which are basically the different outcome predictors for breast cancer patients, and below we discuss genomic predictors that have provided biological insights into metastasis biology.
Only a few years ago the predominant model of cancer progression stated that the capacity of a primary tumor to metastasize is acquired only rarely and late in tumorigenesis (Fidler and Kripke 1977) . Belief in this model requires metastatic cells to be molecularly distinct from the majority of the tumor population they arose from. Global gene expression profiling is an ideal method to use to determine how different primary tumors are from their metastases. However, due mostly to the difficulties of harvesting metastatic tissues, there are only a few published studies that report on the gene expression similarity between primary tumors and their matched metastases. One study performed microarray analyses on eight pairs of tumors that were patient-matched primary and distant metastases (Weigelt et al. 2003) , with the interval between the surgical removal of the primary tumors and metastases varying from 1.6 to 15 years. Unsupervised hierarchical clustering of these found that 6 of the 8 metastases were more similar to their primary tumor than to any other sample. On average, 92% of significantly expressed genes were similarly expressed between primary tumors and their metastases, and overall, no one gene was differently expressed in all metastases.
A second study with additional unmatched and matched primary tumor-metastasis samples confirmed these original results, finding that all primary breast tumors paired with their matching metastasis and maintained their intrinsic subtype (Weigelt et al. 2005) . It is important to note that metastases occur in all subtypes (Fig. 2) , although the rate and location of cancer progression are influenced by subtype (Smid et al. 2008) . Interestingly, some of the markers for tumor aggressiveness were increased in six of the seven pairs of metastases, yielding a "poorer" 70-gene prognosis signature in the metastatic cells. These studies provide initial insights and suggest that metastases are much Weigelt et al. (2005) and reproduced with permission from AACR Publications # 2005. A hierarchical clustering analysis was performed using a 1300-gene intrinsic gene list from Hu et al. (2006) . Genes were arranged in horizontal and samples in vertical. Sample names in red represent six primary tumor-distant metastasis pairs; those in light blue represent primary tumor-lymph node metastasis pairs; and those in pink represent local and distant metastasis samples from autopsy patients (which for patient A1 includes the primary).
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Site-specific Metastatic Signatures
A great deal of work has been done to determine if signatures of metastasis, particular signatures of metastasis to specific sites, exist. In 2003, Kang et al. described a genomic signature mediating breast cancer metastasis to bone (Kang et al. 2003) . This study used an aggressive and metastatic human breast cancer cell line, MDA-MB-231, that can form osteolytic bone metastases 30% of the time after inoculation into the arterial circulation of mice. After recovering these bone metastases, and re-injecting them into mice serially, they developed cell lines with an increased propensity to grow in the bone. To determine the genes that contributed to increased bone metastases, microarray analyses were performed on the bone-tropic cells and the parental cells. Overall, they found few differences in the global gene expression profile, but they did find a small set of the genes that were more highly expressed in the bone tropic line that included cell membrane and secretory products that may function to affect the host environment to favor metastasis. Through in vitro single-cell cloning and microarray analyses, they found that the increase in aggressiveness observed in the in vivo isolated boneseeking cells was due to specific cells within the parental cell line expressing five key metastasis genes. They concluded that overexpression of the small bone metastasis gene set was superimposed on a poor-prognosis gene expression signature already present in the parental breast cancer population, suggesting that metastasis requires a small set of functions beyond those already present within this aggressive cell line.
Further studies from the Massague laboratory used the same approach to identify genes that mediate breast cancer metastasis to the lung (Minn et al. 2005 ) and brain (Bos et al. 2009 ). Both studies identified relatively small gene sets that regulate lung and brain metastases with validation of their signatures using clinical outcomes. Interestingly, six of the 17 genes in the brain signature were also found in the lung signature, and this overlap suggests a partial sharing of mediators of metastasis to the brain and lungs, which is corroborated by observations from clinical practice. It should be stressed that these models require the initial injection of cancer cells directly into the bloodstream, hence the generation of these cells does not truly reflect metastatic events that occur from a primary tumor. Also, the MDA-MB-231 cells are reported to be a "basal B" cell line , or as more recently reported, a claudin-low cell line (Prat et al., unpubl.) ; therefore, the site-tropic signatures are superimposed on an already poor prognosis signature.
Using different approaches, other laboratories have also identified genes that are associated with distant metastases. In 2006, Smid et al. analyzed 107 microarrays of primary breast tumors/patients that had all experienced relapse (Smid et al. 2006) . They found 69 genes that were significantly different between patients that experienced relapse to bone as compared to other distant sites, and the fibroblast growth factor receptor signaling pathway was identified as an important facilitator of bone colonization. They ultimately developed a 31-gene classifier that predicted bone relapse, and which could possibly be used to recommend bisphosphonate therapy to prevent osseous metastasis. In 2008, Landemaine et al. identified a six-gene signature that predicts lung metastasis (Landemaine et al. 2008) . This study took a novel approach and compared the gene expression of five lung metastases against 18 metastases growing in other distant organs of patients. In 2009, Hu et al. (2009) identified a vascular endothelial growth factor (VEGF) signature that was associated with distant metastases and poor outcomes. This study compared gene expression profiles of 134 primary breast tumors, nine regional (lymph node) metastases, and 18 distant metastases in order to identify biological features associated with the distant metastases. Supervised analyses revealed very few differences between primary tumors and lymph node metastases; however, distant metastases had a distinct expression profile that was distinguished by the high expression of 13 genes, including VEGF, most of which were HIF1-alpha-regulated. The VEGF signature was able to predict survival in patients with breast cancer, lung cancer, and glioblastomas, suggesting that it may represent a widespread signature of hypoxia that is applicable to multiple tumors types.
Breast Cancer Stem Cells and Metastasis
Evidence for the existence of breast cancer stem cells is growing (Al-Hajj et al. 2003; Ginestier et al. 2007; Shipitsin et al. 2007; Wicha 2008) , and is covered in other articles on this topic; however, mention of these unique cells is required here, as it is likely that they may be responsible for the formation of many metastases. Recent studies have shown that normal cells within the human and mouse mammary tissues have various amounts of differentiation and that certain rare cells, breast stem cells, can give rise to fully functional epithelial ductal structures (Raouf et al. 2008; Lim et al. 2009 ). Our understanding of the molecular mechanisms that give rise to breast tumors is incomplete, but it is likely that mutagenic agents target specific breast cell subpopulations (i.e., the cell of origin for the tumor), which is likely influenced by germline traits, to determine whether or not aberrant cell proliferation occurs. Thus, if highly differentiated cells are transformed, then ERþ/luminal breast cancer may occur, while if more primitive stem, or committed, progenitor cells are targeted, a more stem-cell subtype (claudin-low) or luminal progenitor (basal-like) tumor may arise (Lim et al. 2009; Prat and Perou 2009 ). Interestingly, embryonic stem cell signatures have been identified and are genomically more related to poorly differentiated basal-like tumors than to luminal tumors (Ben-Porath et al. 2008) . Furthermore, a recent study found that poorly differentiated tumors contain a higher content of prospectively isolated cancer stem cells compared to well-differentiated tumors (Pece et al. 2010) . The incorporation of genome-wide expression studies described above has further validated the hypothesis that breast cancer cells within a tumor differ in their metastatic potential. Since breast cancer stem cells are relatively resistant to both chemotherapy and radiation (Phillips et al. 2006; Li et al. 2008) , and because metastases nearly always recur after treatment, it is likely that stem cells are involved in metastatic progression.
Summary
Without a doubt, the past decade of breast cancer research has produced more advances in our understanding of the genetics of this disease than ever before. This knowledge has been significantly contributed to by the use of highthroughput DNA microarray analyses of primary tumors and metastases. The future of breast cancer genetic research looks encouraging, as new technologies are emerging that will couple DNA sequence and copy number changes with gene and protein expression. All of these advancements will further our understanding of this disease and will allow for improved targeted therapeutics to inhibit tumor growth and metastatic progression.
